Introduction
============

Metformin is an oral hypoglycemic. It is used in type-2 diabetes, polycystic ovarian syndrome and obesity. Epidemiologic studies associated metformin with decreased incidence of cancer [@B1]. Bowker et al. looked into 10,309 diabetic patients and found that patients treated with metformin had a significantly lower incidence of cancer-related mortality compared with patients treated with sulfonylurea or insulin [@B1]. Metformin enhanced the effects of cisplatin, paclitaxel, doxorubicin and tamoxifen in lung, breast, pancreas, liver, glioblastoma, prostate and ovarian cancer cells [@B2]-[@B5]. Metformin\'s anti-cancer effects are attributed to direct inhibition of the NF-κB (nuclear-factor-kappa-light-chain-enhancer-of-activated-B-cells) or LKB1/AMPK/mTOR (liver-kinase-B1/AMP-activated-kinase/mammalian-target-of-rapamycin) pathway (Supplementary Note) and possible indirect inhibition, via reduction of blood insulin, of PI3K/AKT/mTOR (Phosphatidylinositol-3-kinases/V-akt-murine-thymoma-viral-oncogene-homolog/mTOR) and RAS/MEK/ERK (Rat-sarcoma/Mitogen-activated-protein-kinase-kinase/Extracellular-signal-regulated-kinase) [@B2], [@B3]. However, there is a paucity of evidence suggesting that metformin enhances targeted cancer drugs [@B5]-[@B7] or inhibits independently of blood insulin PKC/ERK/JNK/AKT (Protein-kinase-C/ERK/c-Jun-N-terminal-kinase/AKT) phosphorylation [@B2], [@B8], [@B9].

Recent data suggested that cancers contain cells with stem-like characteristics, or cancer stem cells (CSC) [@B10], [@B11]. It\'s proposed that CSC are responsible for cancer initiation, maintenance, metastasis and therapeutic failure [@B10]-[@B12]. However, there have been no reports of any drug targeting CSC until 2009 when Hirsch et al. showed that the anti-diabetes drug Metformin selectively targets CSC (CD44^high^/CD24^low^ cells) in breast cancer cell lines [@B13]. It\'s suggested that metformin targets breast CSC by reversal of the epithelial-mesenchymal transition (EMT) status, and suppression of NF-κB or self-renewal [@B3], [@B14]. Bao et al. demonstrated that metformin selectively targets pancreatospheres of gemcitabine-resistant pancreatic CSC [@B15]. Recently, Saito *et al.*reported that metformin preferentially represses the CSC marker EpCam+ cells of hepatocellular carcinoma (HCC) [@B5].

HCC represents the third most common cause of cancer death worldwide [@B16], [@B17]. Sorafenib is a tyrosine kinase inhibitor and the standard of care for patients with advanced HCC [@B18]. Improvement in outcomes is modest; on average, sorafenib increase survival by 2.4 months [@B18]. Most patients will suffer disease recurrence and die. Label-retaining cancer cells (LRCC) were recently described as novel class of liver derived CSC and found relatively resistant to sorafenib [@B10], [@B12], [@B19]. LRCC can initiate tumors with only 10 cells and are the only CSC isolated alive according to a stem cell fundamental function, asymmetric cell division [@B10], [@B12], [@B19], [@B20]. As described above, metformin has been reported to preferentially target many other types of CSC of different organs, including liver. It\'s important to know if LRCC, a novel class of CSC, are relatively resistant to metformin, unlike other types of CSC. We undertook this study to test the effects of Metformin on HCC and on HCC derived LRCC.

Here we show that Metformin enhances sorafenib. It enhances the anti-proliferative effects of sorafenib possibly via inhibiting phosphorylation of several tyrosine-kinases-related-proteins (PKC, ERK, JNK and AKT). However, in contradistinction to other reports, we found that metformin suppressed the whole population of cancer cells but it increased the subpopulation of LRCC. Studying LRCC vs. non-LRCC, this phenomenon was associated with decreased cell toxicity and apoptosis, and up-regulation of cell-survival, pluripotency, stem-cells, Wnt (Wingless-type-MMTV-integration-site-family), Notch (Notch-homolog) and SHH (Sonic-hedgehog) associated genes and down-regulation of cell-death genes. These findings may contribute to better understanding of the anti-cancer effects of metformin. It further suggests that metformin has limitation. It suggests that Combining Metformin with Sorafenib may be able to repress the bulk of tumor cells, but may leave CSC LRCC behind leading. Therefore, it is critical to develop novel drugs targeting the relatively resistant LRCC.

Materials and Methods
=====================

Human liver cancer cells lines
------------------------------

Human HCC cells PLC/PRF/5 and SK-Hep-1 (ATCC), and HuH-7 (Japan Health Sciences Foundation) were cultured in 44% DMEM, 44% Ham\'s F-12, 10% FCS, 1% Glutamine, and 1% Ampicillin/streptomycin (Invitrogen).

Growth curves
-------------

Growth curves were generated with/without clinically relevant metformin concentrations: 200uM. Numbers of live cells were determined on day 0, day 1, day 2, day 5, day 6 and day 7 (no day 7 for SK-Hep-1) (n=3), using Cellometer Auto T4 (Nexcelom Bioscience). Acquired numbers were averaged and plotted as previously described (Supplemental Fig. [S1](#SM1){ref-type="supplementary-material"})[@B12].

Isolation and analysis of live LRCC and non-LRCC with or without sorafenib treatment
------------------------------------------------------------------------------------

Live LRCC and Non-LRCC were isolated from HCC cell lines as described previously (Fig. [4](#F4){ref-type="fig"}A-B) [@B10], [@B19].

Viability, toxicity and apoptosis assays
----------------------------------------

The ApoTox-Glo assay kit (Promega) was used according to manufacturer protocol. We isolated and cultured LRCC and non-LRCC from HCC cell lines in 96-well plates with or without Meformin (200uM) during the last two cell cycles of the total eight cell cycles [@B12].

MEK, ERK and AKT protein kinase analysis
----------------------------------------

NanoPro 1000 is an automated capillary based isoelectric focusing (IEF) immunoassay system (ProteinSimple). Protein isolation, detection and quantification were done according to manufacturer\'s instructions as previously described [@B12]**.**

Real-time qPCR
--------------

Pre-amplification of cDNA target templates, real-time qPCR and gene expression data analysis were done as previously described [@B12].

Statistics
----------

For comparisons between two samples, we used the two-tailed Student-T Test to test the null hypothesis that the means of the two samples are equal. Two tailed p\<0.05 was considered statistically significant. In all Figures, an asterisk was added when p\<0.05. The error bars represent Standard Error of Mean (SEM) for Figures [1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, 4, 5, Figure [S1](#SM1){ref-type="supplementary-material"} and Figure [S11](#SM1){ref-type="supplementary-material"}, and Standard Deviation (SD) for Figure [3](#F3){ref-type="fig"} and Figure [S5](#SM1){ref-type="supplementary-material"}.

Results
=======

Metformin and sorafenib have enhanced anti-cancer effects
---------------------------------------------------------

We tested the combination of sorafenib and metformin because metformin was reported to repress some of the sorafenib target genes and CSC. We tested the effects of metformin and sorafenib on HCC cells. First, we tested the effects of metformin (200uM) on HCC cells alone (PLC/PRF/5, HuH-7 and SK-Hep-1). We chose this relatively low concentration because there are reports of metformin-induced liver injuries [@B21]. Cell growth curves were plotted with or without metformin (Materials and Methods). Metformin suppressed the growths of PLC/PRF/5 (p=1.11e-2) and SK-Hep-1 (p=0.012), but not HuH-7 (p=0.32, Supplemental Fig. [S1](#SM1){ref-type="supplementary-material"}). Interestingly, HuH-7 was reported to be relatively resistant to sorafenib [@B12].

Next, we compared cell viability of HCC cells cultured without drugs, sorafenib alone and sorafenib plus metformin (Materials and Methods). 2uM of sorafenib alone did not affect HCC cells\' viability (Fig. [1](#F1){ref-type="fig"}), however, 4uM of sorafenib treatment resulted in statistically significant reduction in viability of all HCC cells tested (p=0.0019, Fig. [1](#F1){ref-type="fig"}). The addition of metformin (200uM) to sorafenib (4uM) further reduced viability of HuH-7 (p=0.00002) and SK-Hep-1 (p=0.0082) cells compared to sorafenib alone (Fig. [1](#F1){ref-type="fig"}). While 2uM of sorafenib alone didn\'t affect viability, the addition of Metformin resulted in statistically significant reduction in viability of SK-Hep-1 (p=0.029), and a statistical trend in reduction of viability in PLC/PRF/5 and HuH-7 (p=0.23, p=0.059 respectively; Fig. [1](#F1){ref-type="fig"}). Overall, when all 3 HCC lines computed Metformin enhanced the effects of sorafenib in terms of HCC cells viability.

To further investigate the effects of Metformin, we tested whether Metformin affects viability by direct increased cell toxicity or induction of apoptosis. We tested apoptosis by measuring the activity of the effector caspases 3/7 and toxicity by dead cells\' protease release (Materials and Methods). We tested HCC cells treated with-or-without sorafenib plus metformin (Supplemental Fig. [S2](#SM1){ref-type="supplementary-material"}). We detected statistically significant increase in the activities of caspases 3/7 only in HuH-7 cells at 4uM of sorafenib plus 200uM of metformin compared to sorafenib treatment alone (108598.3 ± 16091.5 vs, 186932.9 ± 20629.8, p=0.040). Interestingly, we detected statistically significant decrease in dead cells\' protease release only in 4uM of sorafenib treatment plus 200 uM of metformin compared to sorafenib treatment alone in both HuH7 (380765.9 ± 38385.5 vs. 38065.6 ± 435.2, p=0.00067) and SK-Hep-1 (402167.8 ± 44454.5 vs. 92693.9 ± 769.1, p=0.0022). The increase of apoptosis in the combination treatment of HuH-7 cells may explain the decreased viability, while the decreases of dead cells\' protease release in the combination treatment of HuH-7 and SK-Hep-1 cells may suggest that decreased cell growth may contribute to the reduced viability.

Metformin can inhibit sorafenib target proteins (STP)
-----------------------------------------------------

MAPK (mitogen-activated-protein-kinase) and AKT associated pathways are important regulators of cell proliferation and are often over activated in liver cancer [@B22]. MAPK and AKT are targeted by sorafenib. Thus, we investigated the effects of metformin on key members of several important pathways: MEK, PKC, ERK, JNK and AKT. We quantitatively tested total MEK1/2, and phosphorylated-activated)-MEK (pS218/222, pT292, and pT386), total and phosphorylated ERK1/2, and phosphorylated PKC-alpha/delta, JNK1/2 and AKT1/2 in HCC cells that were treated with-or-without metformin or sorafenib (Materials and Methods).

In PLC/PRF/5 cells, sorafenib effectively inhibited all the kinases tested except PKC-delta (Fig. [2](#F2){ref-type="fig"} and Supplemental Fig. [S3](#SM1){ref-type="supplementary-material"}-S4; Fig. [2](#F2){ref-type="fig"} contains bar graph of the original Nano-Pro Western blot data in Figure [S3](#SM1){ref-type="supplementary-material"}-S4). Metformin effectively and statistically significantly inhibited levels of phosphorylated PKC-alpha/delta, MEK1/2, ERK1/2 and JNK1/2, but not AKT1/2 (Fig. [2](#F2){ref-type="fig"} and Supplemental Fig. [S3](#SM1){ref-type="supplementary-material"}-S4). We detected dramatic inhibition of phosphorylated PKC by metformin (Fig. [2](#F2){ref-type="fig"}A-B): PKC-alpha-1 (p=0.018), PKC-alpha-2 (p=0.00014), PKC-delta-1 (p=0.0041), and PKC-delta-2 (p=0.0024). Metformin inhibited phosphorylated MEK1/2 (Fig. [2](#F2){ref-type="fig"}C-D): pMEK1/2-T292-pI5.57 (p=0.048), pMEK1/2-T292-pI5.65 (p=0.020), pMEK1/2-T382-pI5.65 (p=0.0093), pMEK1/2-T382-pI5.70 (p=0.018) and MEK1/2-T382-pI5.84 (p=0.0057). Finally, metformin inhibited phosphorylated ERK1/2 and JNK1/2 (Fig. [2](#F2){ref-type="fig"}E-F): ppERK1 (p=0.014), pERK1 (p=0.028), ppERK2 (p=0.025) and pERK2 (p=0.0063), and pJNK1-pI5.35 (p=0.027) and pJNK2-pI5.70 (p=0.014).

In HuH-7 cells, metformin and sorafenib effectively inhibited various species of MEK1/2, ERK1/2, JNK1 and AKT1 (Fig. [S5](#SM1){ref-type="supplementary-material"}A-D and Supplemental Fig. [S6](#SM1){ref-type="supplementary-material"} and S8). Metformin inhibited phosphorylated MEK1/2 and ERK1/2 (Fig. [S5](#SM1){ref-type="supplementary-material"}A-B): pMEK1/2-pS218/222-pI5.70 (p=0.016) and pMEK1/2-pS218/222-pI5.91 (p=0.0060), and ppERK1 (p=0.00016), ppERK2 (p=0.013) and pERK2 (p=0.0019). JNK and AKT were effectively inhibited by Metformin (Fig. [S5](#SM1){ref-type="supplementary-material"}C-D): pJNK1-pI5.35 (p=0.0055), pJNK1-pI5.70 (p=0.00086), and AKT1-pI5.32 (p=0.029), pAKT2-pI5.68 (p=0.043), AKT1-pI5.52 (p=0.0070) and AKT1-pI5.59 (p=0.040). Metformin was more effective than sorafenib in inhibiting pMEK1/2-pS218/222-pI5.91, ppERK1, ppERK2, pERK2, pJNK1-pI5.35 and pJNK1-pI5.70 (Fig. [S5](#SM1){ref-type="supplementary-material"}A-D).

In SK-Hep-1 cells, both metformin and sorafenib effectively inhibited MEK1/2 and AKT1/2 (Fig. [S5](#SM1){ref-type="supplementary-material"}E-F and Supplemental Fig. [S7](#SM1){ref-type="supplementary-material"} and S8). Metformin inhibited pMEK1/2-pT292-pI5.65 (p=0.022), pMEK1/2-pT292-pI5.84 (p=0.017), pAKT1-pI5.32 (p=0.0030), AKT1-pI5.43 (p=0.023), AKT2-pI5.68 (p=0.025), and pAKT2-pI5.84 (p=2.65e-5; Fig. [S5](#SM1){ref-type="supplementary-material"}E-F).

In conclusion, we show that after treatment with metformin the activated forms of several phosphorylated-protein-kinase species including some STP levels are decreased significantly. These results suggest that metformin inhibits phosphorylation of multiple protein kinases (PKC, ERK, JNK and AKT) independent of blood insulin, possibly having a more general anti-cancer mechanism. These data show that metformin can repress the sorafenib target protein kinases, which may indirectly provide a potential explanation for the enhanced repression of cell viability in the combination treatment.

Metformin treatment increases the relative proportion of LRCC
-------------------------------------------------------------

LRCC were recently described as a sorafenib-resistant subpopulation of HCC derived CSC [@B10], [@B12], [@B19]. Additionally, breast CSC were reported to be selectively targeted by Metformin [@B3], [@B14]. Thus, we investigated the effects of Metformin on LRCC. The procedure for the isolation of live LRCC is described in details in the Materials and Methods (Fig. [3](#F3){ref-type="fig"}A-B). We tested 3 HCC cell lines before and after metformin treatment for the presence of LRCC. Here we show that after treatment with metformin the relative proportion of LRCC is increased significantly, on average, by 1.4 ± 0.2 fold (p=0.00018, Fig. [3](#F3){ref-type="fig"}B-C); LRCC in PLC/PRF/5, HuH-7 and SK-Hep-1 were increased by 2.1 ± 0.3 (p=0.0086), 2.6 ± 0.1 (p=0.00086) and -0.5 ± 0.7 fold (p=0.23), respectively. LRCC from SK-Hep-1 cells are not increased or decreased statistically significantly (p=0.23). Our data demonstrate that metformin does not target the putative CSC, LRCC.

Metformin induces less cell death of LRCC comparing to non-LRCC
---------------------------------------------------------------

To further test the effects of Metformin on the CSC LRCC, we isolated live LRCC and non-LRCC from three liver cancer cell lines. LRCC and non-LRCC were tested for viability, toxicity and apoptosis before and after treatment with metformin (Fig. [3](#F3){ref-type="fig"}D-F, Materials and Methods).

We found that metformin treatment induces less cell viability, cell toxicity and apoptosis in LRCC comparing to non-LRCC (Fig. [3](#F3){ref-type="fig"}D-F). The fold changes of cell viability of LRCC and non-LRCC treated with metformin of three individual cell lines PLC/PRF/5, HuH-7, SK-Hep-1, and all the three cell lines together are -5.1 ± 0.1 (p=4.17-e6), -3.0 ± 0.9 (p=0.047), 1.0 ± 0.03 (p=0.49) and -3.7 ± 0.2 (p=7.58e-6), respectively (Fig. [3](#F3){ref-type="fig"}D). The fold changes of cell toxicity of the same are -2.4 ± 0.5 (p=0.013), -3.6 ± 0.15 (p=0.00028), -2.5 ± 0.8 (p=0.082) and -3.2 ± 0.2 (p=2.48e-6), respectively (Fig. [3](#F3){ref-type="fig"}E). The fold changes of cell apoptosis of the same are -2.9 ± 0.1 (p=0.013), -2.6 ± 0.7 (p=0.088), -2.6 ± 1.2 (p=0.81) and -2.3 ± 0.9 (p=0.93), respectively (Fig. [3](#F3){ref-type="fig"}F). There were no statistically significant inherent differences of viability, apoptosis or toxicity between LRCC and non-LRCC in the absence of metformin treatment [@B12].

Since the isolated LRCC have reduced cell toxicity and apoptosis compared to non-LRCC after metformin treatment (Fig. [3](#F3){ref-type="fig"}E-F), the reduction of cell viability are likely caused by reduced cell proliferation or slow cycling (Fig. [3](#F3){ref-type="fig"}D). Interestingly, the decreases of cell viability, toxicity and apoptosis of LRCC are more significant in PLC/PRF/5 and HuH-7 cells than in SK-Hep-1 cells (Fig. [3](#F3){ref-type="fig"}D-F), which has a good correlation with the significant increase of LRCC subpopulation after metformin treatment (Fig. [3](#F3){ref-type="fig"}C). Therefore our results show that metformin ineffectively kills LRCC. The reduced cell death (Fig. [3](#F3){ref-type="fig"}D-F) can contribute to the increase of LRCC subpopulation after metformin treatment (Fig. [3](#F3){ref-type="fig"}C). However, since both slow cycling and asymmetric cell division can potentially cause LRCC we investigated if the slow cycling of the LRCC treated with metformin after LRCC isolation here reflect the increase of LRCC subpopulation treated with metformin within their microenvironment [@B10].

Metformin can inhibit STP but promote AKT1 in LRCC of HuH-7 cells
-----------------------------------------------------------------

As discussed earlier, we similarly tested if metformin could inhibit phosphorylation of the kinases of PKC, MEK, ERK, JNK and AKT differentially in LRCC and non-LRCC of PLC/PRF/5 and HuH-7 (Materials and Methods). Comparing to untreated cells, metformin effectively inhibited phosphorylation of MEK1/2 (pS218/222, pT292, and pT386) and ERK in both LRCC and non-LRCC (Supplemental Fig. [9](#SM1){ref-type="supplementary-material"}), validating our earlier findings in the whole population cell (Fig. [2](#F2){ref-type="fig"} and Fig. [S5](#SM1){ref-type="supplementary-material"}). However, we found that metformin treatment statistically significantly promoted phosphorylation of the major highly phosphorylated isoform of AKT1-pI5.32 (63.6 ± 2.3, p=1.19e-5) only in LRCC of HuH-7 cells (Fig. [4](#F4){ref-type="fig"}A-B and Supplemental Fig. [S10](#SM1){ref-type="supplementary-material"}). There were no statistically significant inherent differences of MEK-ERK-AKT relative protein levels between LRCC and non-LRCC in the absence of metformin treatment [@B12]. Promotion of phosphorylation of AKT only in LRCC may contribute to the reduced cell death of LRCC [@B23].

Metformin down-regulates cell death genes and up-regulates cell suvival genes in LRCC
-------------------------------------------------------------------------------------

Sorafenib has potential down-stream effects on 60 genes, herein sorafenib target genes (STG, Table [S1](#SM1){ref-type="supplementary-material"}) [@B12]. To gain further understanding of metformin effects on LRCC, we performed qRT-PCR SuperArray analysis (Fig. [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}, Supplemental Table [S1](#SM1){ref-type="supplementary-material"}): STG (60 genes), WNT (84 genes), and stem cells associated genes (100 genes) in LRCC and non-LRCC of all the three HCC cell lines after treatment with metformin (Materials and Methods).

Comparing LRCC before and after treatment with metformin (Fig. [4](#F4){ref-type="fig"}C), the following five pro-apoptosis genes were down-regulated significantly [@B23]: AIFM1 (apoptosis-inducing-factor-mitochondrion-associated-1, -6.9 ± 0.1, p=0.011), BAD (-9.4 ± 0.8, p=0.045), DDIT3 (DNA-damage-inducible-transcript-3, -3.8 ± 0.3, p=0.046), ERN1 (endoplasmic-reticulum-to-nucleus-signaling-1, -12.1 ± 1.3, p=0.00081) and HSP5A (Heat-shock-70kDa-protein-5, -3.3 ± 0.1, p=0.037). We also found that seven cell proliferation genes below are down-regulated (Fig. [4](#F4){ref-type="fig"}C) [@B23]: AKT1 (-5.2 ± 0.2, p=0.027), BRAF (V-raf-murine-sarcoma-viral-oncogene-homolog-B1, -3.0 ± 0.8, p=0.000036), CYP2B6 (Cytochrome-P450-family-2-subfamily-B-polypeptide-6, -4.6 ± 0.5, p=0.0072), FLT4 (Fms-related-tyrosine-kinase-4, -2.6 ± 0.1, p=0.044), MAPK3 (-7.6 ± 0.1, p=0.019), SNRPE (Small-nuclea- ribonucleoprotein-polypeptide-E, -4.7 ± 0.2, p=0.0040), STAT5B (Signal-transducer-and-activator-of-transcription-5B, -4.4 ± 0.3, p=0.026). Our results show that comparing to untreated LRCC metformin may repress cell proliferation and cell death of LRCC. The down-regulation the AKT1 mRNA here may reflect the complex AKT1 protein level regulation (Fig. [4](#F4){ref-type="fig"}A-B and Supplemental Fig. [S10](#SM1){ref-type="supplementary-material"}).

Comparing LRCC vs. non-LRCC after treatment with metformin demonstrated a dramatic up-regulation of three cell proliferation and survival oncogenes (Fig. [4](#F4){ref-type="fig"}D) [@B23] of AKT3, RET (Ret proto-oncogene), and STAT5A by 860.5 ± 123.8 (p=0.048), 66.6 ± 14.2 (p=0.0028) and 24.0 ± 1.1 (p=0.0060) folds, respectively. These results suggest that LRCC may have relative proliferation and survival advantages over non-LRCC to metformin, although LRCC proliferation may be repressed after metformin treatment comparing to untreated LRCC (Fig. [4](#F4){ref-type="fig"}C). Since the increase of cell proliferation and survival genes here was measured from LRCC within their microenvironment in the dynamic whole population cells treated with metformin before LRCC isolation, the increase of LRCC subpopulation after metformin treatment is likely attributed to their asymmetric cell division and survival advantage [@B10]. Our results suggest that metformin ineffectively kills LRCC, or LRCC are relatively resistant to metformin comparing to non-LRCC.

Metformin up-regulates pluripotency, Wnt, Notch and SHH pathway genes in LRCC
-----------------------------------------------------------------------------

It\'s known that Wnt, Notch, SHH, FGF (fibroblast-growth-factor), BMP (bone-morphogenic-protein), stem cells, pluripotency and EMT pathways have import role in cancer and CSC [@B23]-[@B25].

Comparing LRCC treated with vs. without metformin (Fig. [5](#F5){ref-type="fig"}A), we identified three up-regulated Wnt pathway oncogene genes or CSC markers [@B23], [@B24]: WNT3A (4.1 ± 0.7 folds, p=0.012), Brachyury homolog T (6.6 ± 1.9 folds, p=0.0077), Jun (3.0 ± 0.3 folds, p=0.011). Comparing LRCC vs. non-LRCC treated with metformin (Fig. [5](#F5){ref-type="fig"}B) identified six upregulated Wnt pathway oncogenes or CSC markers [@B23], [@B24]: WNT3A (6.3 ± 0.5, p=0.0097), FZD6 (frizzled-family-receptor 6, 4.9 ± 2.6, p=0.043); BCL9 (transcription-co-activators-B-cell-CLL/lymphoma9, 3.8 ± 0.3, p=0.0076), T (Brachyury-homolog, 34.3 ± 21.2, p=0.055), TCF7 (transcription-factor-7, 5.2 ± 1.6, p=0.021) and CCND2 (Cyclin D2, 6.8 ± 1.4, p=0.041), as well as the negative Wnt pathway regulator WNT9A (12.4 ± 1.6, p=0.0046).

In the stem cell qRT-PCR array, comparing LRCC treated with vs. without metformin identified (Fig. [5](#F5){ref-type="fig"}C) four up-regulated genes [@B11], [@B23], [@B25]: BMP1 (2.9 ± 0.3, p=0.039), FGF1 (3.1 ± 0.3, p=0.017), CDH2 (cadherin 2, 4.2 ± 0.2, p=0.049) and NCAM1 (neural-cell-adhesion-molecule-1, 29.9 ± 4.4, p=3e-6); and five down-regulated genes [@B11], [@B23], [@B24]: ACTC1 (cardiac-muscle-alpha-actin-1, -8.4 ± 2.5, p=0.026), MYOD1 (myogenic-differentiation-1, -7.7 ± 0.5, p=0.014), SOX1 (SRY-sex-determining-region-Y-box-1, -8.3 ± 0.5, p=0.039), FGF3 (-7.9 ± 1.6, p=0.017) and WNT1 (-26.1 ± 3.6, p=0.0058).

Comparing LRCC vs. non-LRCC treated with metformin identified 17 up-regulated genes (Fig. [5](#F5){ref-type="fig"}D-E) [@B11], [@B24], [@B25]: BMP1 (4.4 ± 1.5, p=0.040), DHH (desert-hedgehog, 31.9 ± 6.7, p=0.00053), DLL3 (Notch-ligand-delta-like-3, 23.5 ± 5.4, p=0.019), DTX2 (Deltex-2, 3.4 ± 0.3, p=0.010), Notch2 (5.5 ± 1.7, p=0.014), FGF1 (4.9 ± 0.3, p=0.0076), FGFR1 (fibroblast-growth-factor-receptor-1, 11.0 ± 1.6, p=0.0003), TUBB3 (tubulin-beta-3, 11.4 ± 2.0, p=0.0022), BTRC (beta-transducin-repeat-containing, 3.3 ± 0.2, p=0.026) [@B26], CDC42 (Rho-GTPase-cell-division-cycle-42, 3.6 ± 0.2, p=0.026), CTNNA1 (α-catenin, 4.6 ± 0.5, p=6e-6), NCAM1 (19.0 ± 11.3, p=0.014), OCT4 (POU-class-5-homeobox-1, 2.8 ± 0.2, p=0.048), KLF4 (Krüppel-like-transcription-factor-4, 8.5 ± 1.5, p=5e-6) and BMI1 (B-lymphoma-Mo-MLV-insertion-region-1-homolog, 3.9 ± 0.4, p=3.5-5), as well as the Wnt signaling negative regulators AXIN1 (auxin-1, 4.3 ± 0.6, p=3.1e-5) and APC (adenomatous-polyposis-coli, 3.1 ± 0.2, p=3.5e-5).

In summary, we find that metformin up-regulates genes of pluripotency (OCT4, KLF4, BMI1 and BMP1), Wnt (WNT3A, FZD6, T, BCL9, TCF7 and CCND2), Notch (DLL3, NOTCH2 and DTX2), SHH (DHH) and EMT (CDH2, NCAM1 and ACTC1) pathways in LRCC [@B11], [@B23]-[@B25]. These results suggest that metformin-treated LRCC may become more stem-like, less differentiated and more metastatic. To integrate these results, we generated a molecular pathway map for LRCC treated with metformin using the IPA software (Fig. [S11](#SM1){ref-type="supplementary-material"}).

Discussion
==========

Metformin holds an increasing promise to cancer prevention and treatment [@B3], [@B13], however, there is a paucity of evidence suggesting that metformin enhances targeted cancer therapy [@B2], [@B6], [@B7], [@B27] or inhibits blood insulin-independent PKC/MEK/ERK/JNK/AKT phosphorylation [@B2], [@B8], [@B9], [@B27], and it\'s unknown if metformin effectively kills our recently identified CSC LRCC [@B10], [@B12], [@B19]. Here we find that metformin enhances HCC therapy with sorafenib likely by repressing cell proliferation via inhibiting insulin-independent phosphorylation of multiple protein kinases PKC/MEK/ERK/JNK/AKT. Unexpectedly, we show that LRCC are relatively resistant to metformin with increase of LRCC subpopulation likely via cell proliferation and survival advantage and a stem-like gene expression profile. Our findings suggest that combining metformin with sorafenib may be able to repress the bulk of tumor cells, but as with other anti-cancer drugs, may leave CSC LRCC behind leading to cancer recurrence. Therefore, a drug targeting CSC LRCC may be critically needed to prevent cancer recurrence. These findings may contribute to the understanding of metformin\'s anti-cancer effects, and the development of novel drugs targeting the relatively resistant LRCC.

Due to low response rate and short survival benefit of targeted cancer therapy drugs, such as sorafenib, there is an urgent need to identify drugs that can enhance them [@B12]. It\'s reported that metformin enhances the mTOR inhibitor Everolimus (Rad001) in breast cancer [@B6] and EGFR antibody trastuzumab [@B7] in melanoma. Our finding is the first report of metformin enhancement with sorafenib.

Mechanisms of metformin\'s anti-cancer effects are not well known. It\'s reported that metformin inhibits AKT in breast cancer [@B8] and inhibits PKC/ERK/JUN in fibrosarcoma [@B9], but promotes ERK in B-RAF driven melanoma cells [@B27]. Our finding is the first report that meformin inhibits phosphorylation of multiple protein kinases of PKC/MEK/ERK/JUK//AKT independent of insulin in HCC. Considering the frequent over-activation of these pathways in HCC, combining metformin with sorafenib may repress the bulk of the tumor cells, reduce the tumor size, and have clinical implication in the early phase of the treatment [@B17], [@B22], [@B23].

Evidence suggests that CSC are responsible for the major clinical challenges of cancer drug resistance and recurrence [@B10]-[@B12]. Recent reports show that metformin selectively target breast CD44^high^/CD24^low^ and pancreatosphere CSC [@B3], [@B7], [@B13]-[@B15]. Recently we reported that human LRCC are a novel class of CSC that are relatively resistant to sorafenib [@B10], [@B12]. In contradiction to other reports, here we show for the first time that metformin ineffectively kills CSC (LRCC), or CSC (LRCC) are relatively resistant to metformin. The contradiction may be caused by different CSC or histologies. Since only 10 LRCC can initiate tumor, potential cancer recurrence from LRCC may be considered when metformin is used to selectively target CSC. Therefore, a drug targeting the novel class of CSC LRCC may be critically needed to prevent cancer drug resistance and recurrence.

Studying the potential mechanisms of the relative resistence of LRCC to metformin, we found that metformin increased LRCC subpopulation likely with cell proliferation and survival advantage via upregulation of AKT phosphorylation and cell survival genes, and downregulation of cell death genes. We further found that metformin upregulated genes of pluripotency, Wnt, Notch, SHH and EMT pathways in LRCC. We proposed the potential pathway map of LRCC resistance to metformin for the first time. This pathway map may pave the way for future functional analyses of the individual genes, potentially leading to development of novel cancer therapies targeting the metformin-resistant LRCC.
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![**Metformin enhances cancer therapy with sorafenib.**Metformin addition to sorafenib cause significant reduction of viable cells compared to sorafenib treatment alone after 48 hours of treatment.](jcav07p1142g001){#F1}

![**PKC-alfal/delta, MEK1/2, ERK1/2 and JNK1/2 are inhibited in PLC/PRF/5 cells after treatment with metformin.**After treatment with metformin phosphorylation of multiple protein kinases were inhibited in PLC/PRF/5 cells: **(A)** PKC-alfal, **(B)** PKC-delta, **(C)** MEK1/2 (pT292), **(D)** MEK1/2 (pT386), **(E)** ERK1/2 and **(F)** JNK1/2. Metformin was used at 200 uM and sorafenib at 4 uM.](jcav07p1142g002){#F2}

![**Metformin ineffectively kills LRCC. (A)** Isolation of HCC derived label-retaining-cancer-cells (LRCC). The full method is described in Daniel et al. [@B10], [@B19]. Whole cell populations of HCC cells were labeled with Cy5-DNA-nucleotides (pulse phase). Subsequently, Cy5-positive-high cells were sorted and grown for 8 cell cycles (chase phase). Finally, Cy5-positive-high cells (99% pure) and Cy5-negative cells were sorted as LRCC and non-LRCC, respectively. **(B)-(C)** The relative proportion of LRCC is increased after metformin treatment. HuH-7 is shown in (B). Compared to non-LRCC, LRCC exhibit reduced cell viability **(D)**, cell toxicity profile **(E),** and apoptosis profile **(F).**](jcav07p1142g003){#F3}

![**STP and STG expression in LRCC vs. non-LRCC**. **(A-B)**Compared to non-LRCC, metformin treatment of LRCC resulted in increases of the major highly phosphorylated species of AKT1. **(C)** STG expression in LRCC before and after treatment with metformin. **(D)**Compared to non-LRCC, metformin treatment of LRCC resulted in opposite effects by up-regulation of RET, STAT5A and AKT3.](jcav07p1142g004){#F4}

![**Wnt pathway and stem cells associated genes expression**. **(A)**Wnt pathway genes\' expression: in LRCC with/without metformin, and **(B)**in LRCC vs. non-LRCC after treatment with metformin. **(C)** Stem cells associated genes\' expression in LRCC with/without metformin, and **(D)**in LRCC vs. non-LRCC after treatment with metformin. **(E)**Stem cell pluripotency genes in LRCC vs. non-LRCC after treatment with metformin.](jcav07p1142g005){#F5}
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